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The adsorption of gelatin on collodion membranes as a function of 
pH and of protein concentration has been studied by Hitchcock (6, 7) 
and by Palmer (13).  Hitchcock showed that as the gelatin concen- 
tration increased the adsorption followed a  hyperbolic curve corre- 
sponding to the Langmuir adsorption isotherm, becoming asymptotic 
to a saturation value, and that the adsorption from dilute solutions  was 
at a  maximum near the isoelectric point, decreasing in solutions on 
either the acid or the alkaline side.  Palmer showed that when mem- 
branes of low permeability were used the saturation levels varied with 
the pH, being highest at the isoelectric point and lower on either side. 
This difference was abolished by the addition of 0.4 ~  NaC1 to the 
solutions.  These results were  shown to  be  consistent with Loeb's 
theory that gelatin exists in solution in the form o£ submicroscopic 
particles  capable  of imbibing water  and  swelling according to  the 
Donnan theory of membrane equilibria. 
Hitchcock showed that the adsorption of egg albumin from dilute 
solutions on collodion membranes varied with the pH in the same way 
as  did that of gelatin.  Other properties o£ egg albumin solutions, 
however, particularly the viscosity, do not support the view that the 
units of this protein dispersed in water are capable of any great degree 
of swelling.  The present investigation was laid out along the same 
lines as that of Palmer in order to find out whether egg albumin would 
behave in the same way as gelatin and whether the saturation levels of 
adsorption might here too be taken as an index of particle size and of 
variations in it, if any. 
* From a dissertation presented to the faculty of the Graduate School of Yale 
University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, May, 1935. 
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EX_PE]~  T~rENTAL METHODS 
Preparation of Egg Albumin Solutions.--The  egg albumin was prepared by a 
method developed by Carman  (2).  Mter removal of the  globulin, the albumin 
was precipitated in crystalline form by the addition of anhydrous sodium sulfate 
at pH 4.6.  All preparations were thus crystallized three times.  Solutions of the 
purified protein were dialyzed against flowing, slightly acidified distilled water in 
stoppered cellophane tubes  until their conductivity fell to  1 or 2  ×  10 -4 mhos. 
For work at high protein concentrations, water was  then  removed by hanging 
cellophane tubes containing the solution in front of a fan, according to Kober (8). 
In this way concentrations as high as 24 per cent could be obtained. 
Such stock solutions of egg albumin were brought to the required pH by the 
addition of 0.2  N hydrochloric acid or sodium hydroxide, and  the desired  con- 
centrations were obtained by dilution with hydrochloric acid of the same  pH as 
that of the acid, alkaline, or isoelectric protein solution. 
Preparation of Collodion Membranes.--To prepare the  collodion membranes, 
Merck's collodion U.  S.  P.  X  was diluted with an  equal volume of a  mixture 
(3 : 1 by volume) of ether and 95 per cent ethyl alcohol.  To each 100 cc. of this 
dilute collodion was added 3.5 to 4.0 co. of ethylene glycol, following the method 
of Pierce (14).  About 70 ec. of this mixture was poured on a  mercury surface 
about 38 era. in diameter and the solvents were allowed to evaporate.  At first an 
attempt was made to dry these membranes in a dosed chamber with a stream of 
dried air; but in the small chamber used it was found that the air current necessary 
to remove so large a volume of alcohol and ether in a day was too rapid to permit 
the formation of a uniform membrane.  Most of the membranes used, therefore, 
were allowed to dry in the laboratory air (temperature about 25°C. and relative 
humidity about 25 to 30 per cent), protected merely by a gauze-covered cylindrical 
metal shield.  With this method there was a  slight concentric variation due to 
evaporation during spreading, which was taken into account in the calculations. 
Each membrane so prepared was removed from the mercury without wetting, 
and with a steel die 37 disks 3.81  era. in diameter were cut from it, in concentric 
rings.  These disks were then washed at least a day in several changes of distilled 
water before use.  Each disk, after drying at ll0°C., weighed usually about 22 
rag.: those from different rings might vary as much as 1 nag.,  but those from a 
single ring not more than 0.2 rag. between themselves.  In calculating adsorption, 
each  disk was  always compared with  a  blank from  the  same  ring.  Different 
membranes from day to day might vary considerably in permeability and dry 
weight, but each complete experiment was run with disks from a single membrane. 
The permeability was not determined for each membrane used, but this was done 
for a  great many  test  membranes.  The  flow of water of known  temperature 
through a fixed area of a  disk under known pressure was timed, the thickness of 
the disk was measured with a screw micrometer, and the results were calculated by 
the Manegold formula (11) for specific permeability.  For the membranes which 
gave the best results the specific permeability was of the order of 1 to 2  ×  10 -14 
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Adsorption Experiments.--The adsorption experiments were  performed in  a 
manner quite similar to that of Hitchcock and of Palmer.  Three collodion disks 
were placed in each of a series of 50 co. wide mouth Florence  flasks containing 20 to 
30 co. of egg albumin solution.  These flasks were stoppered with paraffined corks 
and damped on a rocking bar in a water bath  at 25.0°C. 4- 0.03  ° and rocked 
gently at about 60 cycles per  minute for 18 to 22 hours.  Mter this time the 
disks were taken out, rinsed 3 minutes in each of four changes of distilled  water, 
dried in a 110  ° oven for at least 2 hours, and weighed to the nearest 0.1 rag.  The 
weights obtained were compared with the weights of similar disks not treated with 
protein and the adsorbed albumin was determined by difference.  On account of 
the slight variation in the disks, the adsorption figure was divided by the weight of 
the blank, and the values were thus reduced to a common unit, milligrams of pro- 
tein adsorbed per milligram  of dry collodion. 
After the disks were removed, the pH of each solution was determined with the 
DuBois pipette-type glass electrode (4, 5) and DuBois vacuum tube potentiometer 
(3).  The concentration of protein was determined by the use of a dipping refracto- 
meter.  On  the basis of a  standardization of this instrument  against  the dry 
weight of 5 cc. samples of test solutions, the factor 1.82 ×  10  .3 was used to convert 
the increment of refractiv.e index to protein concentration in grams per 100 cc. 
EX~PER  Im~I~.NTAL  RESULTS  I 
With  two  exceptions,  to  be noted later,  the  results  of Hitchcock 
(6, 7) on the adsorption of egg albumin have been confirmed.  When 
the  amounts  adsorbed  from  solutions  of the  isoelectric protein  are 
plotted against the protein concentration, the points can generally be 
fitted by a curve of the Langmuir type, a rectangular hyperbola rising 
steeply from the origin and becoming horizontal at a height represent- 
ing saturation of the membrane.  This level has been found to be, as 
in the case of gelatin, a function of the permeability of the membranes, 
rising  rapidly  with  increasing  permeability.  The  membranes  used 
were designed to  be the most permeable ones which would become 
saturated at protein concentrations between 5 and 7 per cent. 
A  great many experiments of the  type  reported by Palmer were 
performed, and typical results are given in Fig.  1.  As shown by the 
curves,  the  apparent  saturation  level is lower when  the  pH  of the 
solutions  is  removed  in  either  direction  from  the  isoelectric point. 
This difference is not present if the solutions of acid or alkaline protein 
contain  0.4  ~r  NaC1.  Control  experiments  have  shown  that  the 
1Since the dissertation upon which  this paper is based included some  fifty 
out  of the  eighty  complete experiments run,  only representative experiments 
are reported here.  Complete data, in tables, may be found in the dissertation. 910  ADSORPTION OF EGG ALBUMIN 
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FIG.  1.  Adsorption of  isoelectric, acid,  and  alkaline egg  albumin,  with  and 
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adsorption from solutions at the isoelectric point is not influenced by 
the addition of salt. 
Two departures from Hitchcock's results have been noted in these 
experiments.  When the range of protein concentration is extended to 
24 per cent, it is consistently found that a break in the curve occurs 
somewhere between 5 and 12 per cent: the earlier points, representing 
the more dilute solutions, can be fitted by one curve, the later points, 
for the  concentrated solutions, by  another; no smooth, continuous 
curve will do for both.  This has been indicated in Fig. 2 by the dotted 
section in the curve for the adsorption of isoelectric protein.  When 
more points were obtained  in  such  experiments,  the  breaks were 
more pronounced. 
The second difference between these results and those of Hitchcock 
lies in the location of the pH of maximum adsorption.  This has been 
consistently found to be at 5.0, as shown by the first curve of Fig. 3. 
Even allowing for the discordant findings of various workers as to the 
isoelectric point of this protein, and for a considerable variation of it 
under different conditions, the pH of maximum adsorption would seem 
still to be significantly on the alkaline side of the isoelectric pH. 
A comparison  of the curves of Fig. 1 (with the exception of the last 
one) with those reported by Palmer would suggest a marked similarity 
between the  adsorption of egg albumin and  that  of gelatin.  The 
results presented in Fig. 2,  however, show that the  case is not so 
simple.  Whereas Palmer's curves for gelatin seem to be all of the same 
type, differing only in the saturation level, those for egg albumin are 
seen to change markedly in shape as the pH of the solutions recedes 
from the isoelectric point.  The data obtained for the adsorption from 
the more acid solutions can be represented only by a  curve rising at 
first less steeply than that for the isoelectric protein, passing through 
one or more apparently level stages, and finally in many cases crossing 
to reach points above the isoelectric curve.  The experiment given in 
Fig. 2 is chosen because it shows three pH regions.  The ~umber of 
points is limited by the number of disks available from a single mem- 
brane; but experiments giving more points for fewer pH regions have 
justified the drawing of the curves as here given. 
The curves shown in Fig. 3 illustrate a different type of experiment, 
in which the concentration of protein was kept constant at about 6 912  ADSORPTION  OF EGG  ALBUMIN 
per cent while the pH was varied.  Salt-free solutions and two levels 
of  salt  concentration  were  studied.  The  three  experiments  were 
necessarily done with different membranes which, due to the weather, 
happened  to  vary  considerably  in  permeability.  The  scales  for 
plotting  have  therefore  been  chosen  to  show  comparable  relative 
variations  in  adsorption.  The  curve  for  the  salt-free  solutions  is 
much like that reported by Hitchcock, except that the grouping of 
points shows the maximum to be at about pH 5.0 instead of 4.8.  The 
other curves show that the addition of salt to the solutions on the acid 
side brings the adsorption level close to that at the isoelectric point; 
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FIG. 2.  Adsorption of isoelectric and acid egg albumin. 
but on the alkaline side the adsorption may be pushed far above this 
value.  This effect is also shown in the last curve of Fig. 1. 
Two experiments not shown in the figures have brought out a point 
which, on further investigation, may prove significant in elucidating 
the factors involved in the adsorption behavior under consideration. 
In these experiments one set of solutions was kept as usual in the 25 ° 
bath while another set was kept in the cold room at about I°C.  Al- 
though the temperature coefficient of most adsorption processes has 
been found to be negative, in this case the adsorption at 25 ° was about 
twice as great as that at 1% 
Some attempts were made to use cellophane instead of collodion as 
the adsorbing agent; but it was found to take up no protein at all. vH~n,  bOW  913 
At  first  this  was thought  to  indicate  that  the  chemical  differences 
between the two might be significant; but later it was found that cel- 
lophane  swollen  with  alkali  until  its  permeability  was  comparable 
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FIG. 3. Effect of pH on the adsorption of egg albumin from 6 per cent solutions, 
with and without salt. 
with  that  of  the  collodion membranes  would  also  take  up  protein. 
Cellophane was rejected as an adsorbent, however, because disks cut 
from  it seemed less uniform in dry weight than those from collodion 
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DISCUSSION  O1~  RESULTS 
To quote from Palmer  (13), 3 the results  of his experiments with 
gelatin "can be explained by, and seem to lend support to, the theory 
proposed by Loeb and further developed by Kunitz concerning the 
effects of pH and salt on the size of gelatin particles in solution."  In 
view of the known differences between gelatin and egg albumin, par- 
ticularly in the dependence of the viscosity of their solutions on pH, 
it was rather expected that the results of the present investigation 
might  not  lend  themselves well  to  such  an  interpretation.  This 
expectation has been fulfilled: up to a  certain point the results are 
quite similar; but some other hypothesis must be brought forward 
to explain the curves of Fig. 2 and Fig. 3.  As between the two pro- 
teins, if the above explanation for the case of gelatin be granted, it is 
the similarities rather than the differences that must be reconciled. 
Since these experiments were done the work of Lindau and Rhodius 
(10) on the adsorption of egg albumin on quartz powder has appeared. 
These authors believe that the protein molecules actually change in 
size with variations in pH; but they ascribe these differences to altera- 
tions of intramolecular electrostatic charges, rather than to a Donnan 
membrane equilibrium.  Their theory is similar to that advanced by 
Tolman and Steam (15) to account for the swelling of fibrin in acids 
and alkalies.  But the present writer believes that this theory too is 
not adequate  to  explain the  stepwise  curves obtained in  these re- 
searches or the effect of salt in the solutions on the alkaline side of the 
isoelectric  point.  It  should  be  noted,  however,  that  Lindau  and 
Rhodius used protein concentrations of 0.01 to 0.1 per cent, in contrast 
to the values here reported of 0.1 to 23 per cent.  It should also be 
mentioned that Tolman and Steam reported that the addition of NaCl 
to their acid solutions caused a decrease in swelling even below that 
observed in water alone. 
The complete solution to the problem is not to be found in the 
experiments so far performed.  It is proposed to continue the investi- 
gation  along  lines  which may  throw  more light  on  the  problem. 
Abderhalden and Fodor (1)  found, in the case of the adsorption of 
casein and of a  yeast juice protein upon charcoal,  a  dependence of 
2p. 559. PHILIP DOW  915 
adsorption  upon pH  similar to  that  observed for  gelatin  and  egg 
albumin.  They believed that the adsorption was a  function of the 
stability of the colloidal system, probably dependent upon the hydra- 
tion of the suspended particles.  This is one hypothesis that seems, 
in the present case, more useful than that of Loeb and Kunitz. 
An alternative hypothesis is that variations in pH and in salt con- 
centration may affect the forces causing the protein to be retained on 
the membrane.  Landsteiner and Uhlirz (9) and Michaelis and Rona 
(12)  came  to  the  conclusion that  definitely  chemical forces  were 
responsible for the adsorption of proteins on various substances.  It is 
possible that variations in the ionization of egg albumin might alter 
such forces: the consequent adsorption behavior might then be quite 
different from that to be expected if the particle size, governed by a 
Donnan equilibrium, were the only determining factor.  The sign of 
the temperature coefficient noted earlier in this paper might well fit 
better into this hypothesis, since it is inconsistent with the findings in 
other adsorption processes. 
In view of the high degree of irreversibility of the adsorption of 
proteins,  Michaelis  and  Rona  (12)  put  forward  their  belief  that 
adsorbed proteins were denatured.  If this should be true, it is not yet 
possible  to  say  whether only  denatured egg  albumin is  adsorbed, 
whether it is denatured during the process of adsorption, or whether 
once  adsorbed it  is  particularly  susceptible to  denaturation.  The 
adsorption maximum  at pH 5.0 may have a bearing upon this question, 
but in the absence of reliable data on the isoelectric point of denatured 
egg albumin further researches with this possibility in mind will be 
necessary before a definite statement can be made. 
It is hoped that the key to the usefulness of these hypotheses may lie 
in a further study of the adsorption from concentrated solutions and 
of the effect of smaller gradations of salt concentration, possibly of 
different salts, and in a more thorough investigation of the effect of 
variations in temperature. 
The writer wishes to express his gratitude to Dr. David I. Hitchcock 
for the suggestion of this research and for his advice and assistance, 
and to Mr. Delafield DuBois for permission to use his glass electrodes 
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SUMMARY 
An experimental study has been made of the adsorption of purified 
egg albumin, from aqueous solution, on collodion membranes.  At 
protein concentrations of 4 to 7 per cent apparent saturation values 
were obtained which resembled closely the results obtained with gela- 
tin, showing a maximum at pH 5.0 and lower values on either side of 
this region.  Over large ranges of protein concentration, however, the 
curves for the adsorption from solutions removed in either direction 
from the isoelectric point exhibited a different shape from the hyper- 
bola obtained in the neighborhood of pH 5.0.  The addition of NaC1 
to solutions on the acid side tended to obliterate the effect of the pH 
difference; on the alkaline side it greatly increased the adsorption. 
The adsorption at 25  ° was about twice as great as that at 1% 
The theory of the swelling of submicroscopic particles, advanced to 
account for  the adsorption behavior of gelatin,  is  not sufficient to 
explain the results obtained with egg albumin.  It is suggested that 
the effect is related to alterations in the forces causing the retention of 
the protein on the membranes. 
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